When exposed to an oxidizing environment, nearly all metals except Au will develop a surface oxide phase that is commensurate with the imposed environmental conditions. Such oxide formation plays an enormous role in technology, from causing serious corrosion problems, to providing protection against corrosive attack. The canonical description of oxide formation in metals involves a solid-solid transformation: during the initial stages of oxidation, the metal surface is assumed to undergo a series of structural changes starting with the initial oxygen chemisorption followed by oxygen subsurface incorporation resulting in conversion of the metal lattice into the oxide phase [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] ; thereafter, at the later stages of oxidation, oxide scale growth involves incorporation of metal atoms at the metal-oxide interface and these solid-solid transformation processes require significant bulk diffusion of metal atoms to the surface or oxygen to the subsurface interface [21] . Such a mechanism has been inferred from idealized experiments that are primarily restricted to planar surfaces under ultrahigh vacuum (UHV) conditions. In practice, however, metallic surfaces are seldom perfect. Rather, they contain a high density of low-coordinated surface sites. Thus, in order to gain a detailed understanding of the mechanism of oxide formation under realistic conditions, the role of surface defects during surface oxidation must be elucidated under practical environments.
TEM has evolved dramatically in recent years and allows for temperature-, time-, and pressureresolved imaging of oxidation at the atomic scale. This is accomplished by differentially pumped environmental TEM (max pressures of several Torr) and the incorporation of aberration correction techniques. Here we describe dynamic transmission electron microscopy (TEM) observations of terraces and steps during the oxidation of Cu surfaces at the oxygen pressures that are many orders of magnitude higher than UHV experiments. By observing the coordinated step retraction and oxide propagation on terraces in real time we demonstrate that the oxidation process occurs via an adatom process, in which the bulk oxide phase grows on the surface terrace as a result of surface diffusion of adsorbed O atoms and Cu atoms detaching from step edges. This process does not involve the typical 3 reaction sequence of reconstructive oxygen adsorption and subsurface oxygen incorporation and is significantly from a solid-solid transformation process.
The oxidation experiments were performed in a dedicated field-emission environmental TEM (FEI Titan 80-300) equipped with an objective-lens spherical aberration corrector. Using high-resolution TEM imaging, we can directly observe the evolution of metal-oxide interface at the atomic scale at the elevated pressure and temperature. Cu(100) thin films with ∼ 500 Å thickness were grown on NaCl(100) by e-beam evaporation and then removed from the substrate by floatation in deionized water and mounted on a TEM specimen holder. In situ TEM observations of the oxidation process were made in both planar and cross-sectional views. Observations in the cross-section were made by imaging along faceted Cu edges of empty holes created in situ by deliberately annealing the Cu films at ∼ 600 o C under H 2 gas flow to generate faceted cracks and holes. These fresh Cu edges generated in H 2 are oxide free and ideal for in-situ TEM observations. Complete removal of the native oxide and surface cleanliness were confirmed by electron diffraction and electron energy loss spectroscopy. restructuring such as has been observed during oxygen exposures in UHV environments [22] [23] [24] [25] [26] . At the However, if large steps are present on the surface, the situation may be very different due to the availability of mobile metal atoms from steps. As seen in Fig. 2 , oxide growth at the step edge results in a misfit dislocation immediately at the step edge, and the dislocation does not migrate during the subsequent oxide growth. This implies that the oxide growth involves no significant lattice stress at the metal-oxide interface.
This significantly reduced interface stress can be also verified from an analysis of the Cu 2 O-Cu interface structure. Fig. 3b is an electron diffraction pattern obtained from an oxidized Cu(100) surface.
The two sets of diffraction spots can be indexed with the strong reflections from the Cu substrate and weak ones from the Cu 2 O overlayer with the epitaxial relations of [29] , the microscopic processes leading to the crystallographically-aligned oxide growth for such large lattice-misfit systems is still very unclear, due primarily to the difficulty in obtaining dynamic atomic-scale information about the buried oxide-metal interface. A classic model used to describe the large-misfit epitaxy is coincidence site lattice (CSL) interface, which requires lattice strains be small enough to be energetically feasible for the heteroepitaxial growth. In this case, the bilayer would be in a local minimum energy state if the m th atom of the overgrowth coincides with the n th atom of the substrate surface layer [30] . This condition is unrealistically restrictive, however. In real systems, the overlayer will tolerate a strain which is significantly smaller than the natural misfit between Cu 2 O and Cu.
Moiré fringe contrast is sensitive to lattice strain and allows for the elucidation of interface structure [31] . (Fig.   1 ), where the in-plane strain of the Cu 2 O monolayer is ∼ 7 %, this is significantly larger than the lattice strain after developing into the (5×6) CSL interface for a thicker overlayer (Fig. 3(c) ). Such a trend is consistent with prior synchrotron x-ray measurements of the lattice strain of epitaxial Cu 2 O films on Cu(111), which indicated that the in-plane lattice spacing approaches the bulk cuprite spacing as the oxide film grows thicker [33] .
One expects oxygen subsurface diffusion with increased oxygen coverage if the mobility of substrate atoms is restricted, such as for a planar surface [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . However, as shown from our observations, large surface steps provide sufficiently mobile metal atoms for direct oxide formation on the terrace without involving subsurface oxygen incorporation. A pictorial illustration of the oxide growth described above is given in Fig. 4 . To give an indication of the size of the reaction barriers, we have used the nudged elastic band to calculate the diffusion barriers for the two possible reaction paths.
For direct oxide formation on the terrace, the reaction can be limited by the surface diffusion of either Cu or O adatoms. Our in-situ TEM observation (e.g. Fig. 1) shows that the un-oxidized Cu surface has an intact surface structure (no reconstructive oxygen adsorption) during the oxide growth. Meanwhile, the availability of mobile Cu adatoms from step edges can lead to fast annihilation of surface vacancies We finally discuss the effect of surface steps on the longer-term oxidation of a metal surface.
Flat surfaces are usually desired in obtaining smooth interfaces during heteroepitaxy. However, for the oxidation of an atomically flat metal surface, subsurface incorporation of oxygen results in significant interfacial stress due to the large volume expansion which occurs upon transformation of the metal 9 lattice into its oxide. This can lead to instability of a planar interface [37] and may even cause mechanical breakdown at the metal-oxide interface [38] . In contrast, the presence of large steps kinetically suppresses oxygen subsurface embedment and is actually beneficial to the formation of improved metal-oxide interfaces, for both interface flatness and mechanical integrity. We observe that In summary, we have observed in real time the behavior of terraces and steps during oxidation.
Our in situ TEM visualization reveals that surface steps are the dominant source of Cu adatoms for oxide growth on surface terraces, a mechanism which does not involve reconstructive oxygen adsorption and oxygen subsurface incorporation and which suggests the formation of improved flatness of the metaloxide interface with significantly reduced interfacial stress. Acquiring the ability to control the microscopic processes governing the surface oxidation has huge technological implications, the results described here may have broader impact for manipulating metal oxidation to affect oxidation kinetics via controlling the surface morphology. 
